Sepsis is a major global health problem leading to the increased incidence of death in intensive care units. In recent years, despite technological advances, the number of cases has grown significantly. Among the main complications presented by septic patients, acute renal dysfunction is largely responsible for the high mortality rate. Initially, the reduction of renal function is associated with focal tubular injury with preserved glomerular morphology and systemic hemodynamic alterations. During sepsis development, the progressive decrease in urinary volume and reduction of the glomerular filtration rate associated with increased serum levels of urea and creatinine are considered classic markers of severe kidney injury. Despite the valuable role of these serum markers regarding renal function, these data provide an incomplete scenario of the patient, since many renal disorders may occur in individuals with increased plasma concentrations of urea and creatinine. Taking into account the important role of systemic inflammatory processes in the development of acute kidney injury induced by sepsis, the search for new markers presenting high sensitivity and specificity capable of detecting early renal injury is still necessary. Thus, the present review summarizes important aspects of pathophysiology of acute kidney dysfunction induced by sepsis and presents an updated view of possible new biomarkers associated with the development of acute kidney injury. Understanding these markers allows important advances leading to new therapeutic approaches, indicating a new horizon in the diagnosis and treatment of acute kidney injury in sepsis.
INTRODUCTION
Sepsis has become the subject of many medical conferences in recent years, since despite the improvement of life support procedures in Intensive Care Units (ICUs), the development of clinical treatment indicators and diagnostic biomarkers, sepsis still remains the worldwide leading cause of death (Abraham, 2016; Vincent, 2009 ). According to the most recent definitions, sepsis is characterized by a combination of presumed infection plus clinical signs and laboratory findings with subsequent organ dysfunction (based on SOFA score) due to a dysregulated host response to infection (Singer et al., 2016) . The heart, liver, lung and kidney are commonly affected organs during this process Carvalho & Trotta, 2003; Bone et al., 1992) .
Acute renal failure, as a sepsis complication, is regarded as a problem in clinical practice and it usually occurs in hospitalized patients, especially those admitted to ICUs (10-30%) (Patschan & Müller, 2015; . Despite decades of research, no specific therapy has been proposed for the treatment of acute kidney injury (AKI), other than supportive care. As a result, mortality rates have remained significantly high over the last 20 years (Patschan & Müller, 2015; Murugan & Kellum, 2011) .
Although elegant studies have been performed to further the understanding of the pathogenesis of septic AKI, the ability to assess renal function in order to evidence an early injury is still limited. According to Murugan & Kellum (2011) , the use of new biomarkers might be predictors to increase risk stratification, simplify early diagnosis of injury, and allow therapeutic trials to assess the prognosis of injury more accurately. Thus, the aim of this review is to discuss and characterize the molecular mechanisms involved in the pathophysiology of sepsis-induced AKI, including the description of possible specific biomarkers that would greatly improve the ability to diagnose, provide prognostic information, and treat patients.
PATHOPHYSIOlOGY OF ACUTE RENAl FAIlURE IN SEPSIS
The pathophysiology of AKI is considered a multifactorial complex process associated with the presence of intra-renal hemodynamic alterations, endothelial dysfunction, renal parenchymal inflammatory cell infiltration, glomerular thrombosis, and tubular obstruction by necrotic cells, leading to an abrupt decrease in the glomerular filtration rate (Wan et al., 2008) . Studies in humans (Hotchkiss et al., 1999) and in animal models of sepsis and septic shock (Wu et al., 2007) have demonstrated decreased renal perfusion and worsening renal function. In septic patients, the kidneys are often among the first organs to be affected and the incidence of acute renal failure increases from 9% to 40% signifying clinical relevance (Almeida et al., 2007) .
During the sepsis progression, a serial release of inflammatory mediators, such as cytokines and chemokines, arachidonic acid metabolites, vasoactive substances, thrombogenic agents, and other biologically active mediators occurs abundantly in response to an infectious agent. Together with neuroendocrine mechanisms, these inflammatory mediators may be involved in the pathogenesis of organic dysfunction in sepsis (Wan et al., 2008) . Usually, the inflammatory response is triggered when the etiological agent activates the host immune system. At first, phagocytic cells (macrophages and polymorphonuclear granulocytes) are activated by the binding of bacterial components (endotoxins of gram-negative bacteria and/or lipoteichoic acid of gram-positive bacteria) to the pattern recognition receptors (PRRs), which recognize pathogen-associated molecular patterns (PAMPs) (Flohé et al., 2006) . Thereafter, these bacterial elements stimulate the activation of the inflammatory cascade with the production of large amounts of cytokines, particularly tumor necrosis factor (TNF) and interleukin-1 (Il-1) which, in turn, stimulate a strong cellular response with the release of secondary inflammatory mediators, chemotaxis, and the activation of granulocytes (Hawiger, 2001 ). The interaction between these mediators can cause alterations in vascular function (high levels of TNF are associated with the onset of disseminated intravascular coagulation), as well as damage to target organs, particularly the kidneys, liver, lungs, heart and central nervous system. Additionally, in some cases, resulting in death by refractory hypotension or multiple organ failure (Crouser et al., 2004) .
The inflammatory mediators produced in sepsis are also the cause of renal injury and failure, which lead to an abrupt decrease in the glomerular filtration rate resulting in the inability to remove metabolites to maintain the electrolyte and acid-base balance in the body (Powell et al., 2014) . Bacteria and/or bacterial products/components are capable of activating, in systemic circulation, inflammatory cells that infiltrate to the kidney. In renal tissue, these activated inflammatory cells release oxygen free radicals, cytokines and stimulate proteases that together lead to the damage and death of resident renal cells, endothelial cells, mesangial cells and tubular cells (Almeida et al., 2007) .
Minimal focal tubular damage and preservation of glomerular morphology are present in the early stage of sepsis, indicating that systemic hemodynamic alterations are primarily responsible for the onset of impaired renal function (Chvojka et al., 2010) . However, the septic syndrome is caused by a combination of several effects, both local and systemic, directly associated with the onset of systemic renal response leading to the production of different biologically active mediators, which cause the reduction of the renal blood flow, glomerular filtration rate, and tubular dysfunction observed in septic patients (Wan et al., 2008 ).
Due to the worsening state of sepsis, acute renal dysfunction occurs, characterized by death of tubular cells due to the loss of cell integrity caused by the disruption of cell membranes and release of cytoplasmic contents. The released intracellular components can trigger an ischemia-reperfusion-induced inflammatory response (major cause of tissue damage), leading to renal dysfunction (Silva & Otero, 2004) . Nevertheless, renal tubular cell death may also occur by apoptosis. However, it is difficult to determine which lesions are caused by necrosis or apoptosis since only the absence of tubular epithelial cells is noted. The relative contribution of both death mechanisms to the initial loss of tubular cells may depend on the severity of the injury (lerolle et al., 2010; Gill et al., 2005) since bacterial products such as lPS are able to induce tubular epithelial cell apoptosis, as well as contributing to the development of acute renal dysfunction and nephrotoxicity (Havasi & Borkan, 2011) .
Clinically, in patients with acute renal failure secondary to sepsis, decreased urine volume is noted concomitantly with decreased glomerular filtration rate and an increase in serum creatinine levels (Wan et al., 2008; Pereira et al., 1998). Glomerular filtration rate and serum creatinine level have been considered the gold standard tests for diagnosing loss of renal function in the laboratory (Pinto et al., 2012) . Histopathologically, the lack of information from studies in humans due to complications during renal biopsies (Wan et al., 2008) evidences the need for studies concerning the development and validation of indirect assessment methods for analyzing tissue markers with diagnostic value that can be found in serum or urine.
BIOMARKERS OF ACUTE KIDNEY INjURY IN SEPSIS
The biomarkers used in most routine procedures in hospitals (references for the AKI diagnosis), measured in serum and/or urine, do not appear to be very sensitive or specific in detecting kidney injury in the early stage of sepsis. Thus, treatment options are limited and prognosis impaired, since there is a direct correlation between the moment of renal dysfunction diagnosis and the mortality rate resulting from complications (Malyszko, 2010) .
Among the biomarkers used in clinical practice today, creatinine is the most widely used to evaluate renal function, and its dosage is the basis for the diagnosis of kidney injury; however, it does not reflect the real glomerular filtration rate (GFR). In these cases, the glomerular filtration index is potentially reduced when damage to glomeruli is installed, indicating that the products from this injury can be used as a biomarker of tissue damage. Furthermore, it is known that alterations in the GFR may not be accompanied by alterations in serum creatinine. Even though urea is another parameter used, there are studies showing that its increase is independent of serum creatinine levels (Ricci & Ronco, 2008) . A feasible solution to this problem would be to recognize the injury before the decrease in the GFR or the increase in creatinine levels (Macedo, 2011) .
The understanding of the pathogenesis of septic AKI has contributed to elucidate new biomarkers with high sensitivity and specificity. Moreover, it is important to highlight that biomarkers considered gold standard laboratory practice, are being used to evaluate other parameters, as proposed in . Some enzymes such as gamma-glutamyl transpeptidase and alanine aminopeptidase are also found on the surface of proximal tubules and their concentrations are increased in urine in response to renal injury (Bagshaw et al., 2007) . A study using rats with endotoxemia and absence of renal hypoperfusion showed that both enzymes are increased in the urine of the animals four hours after sepsis induction (Rao et al., 1990) .
Glutathione S-transferase (GST) isozymes are cytoplasmic enzymes produced by different cell types. α-GST is formed in renal proximal tubular epithelial cells, whereas π-GST is produced in the distal tubule and, when their levels increase independently, this may be an indication of local tissue injury. N-acetyl-β-D-glucosaminidase (NAG) is a lysosomal enzyme serving as a specific urinary marker due to its high molecular weight (˃130 kDa, a feature that prevents its glomerular filtration); it is produced by various cells, including proximal and distal tubular epithelial cells (Ostermann et al., 2012; Mishra et al., 2003; Schmidt et al., 2007) . NAG is highly concentrated in cases of tubular cell injury, and during the progression of renal diseases increased levels were observed 12 hours after tissue damage (Ostermann et al., 2012) . Prospective studies of patients with acute tubular injury showed that increased urinary levels of NAG were associated with the need for renal replacement therapy and/or poor prognosis (Trof et al., 2006) and predicted adverse clinical outcomes in patients with acute kidney injury (liangos et al., 2007) .
The increase in NAG levels correlates directly with increased creatinine and reduced GFR, and its concentration can also be determined in the plasma (lisowska-Myjak, 2010; Ostermann et al., 2012).
Low molecular weight proteins
The study of low molecular weight proteins, which are isolated from the urine of patients with kidney injury, has shown that they have been promising indicators of AKI for three decades (Yu et al., 1983) . In general, proteins of low molecular weight (<40 kDa) escape reabsorption when proximal tubular cells are overloaded or damaged, a feature which has allowed these proteins to be used as markers of tubular injury or dysfunction (Trof et al., 2006) . Under normal conditions, low molecular weight proteins are produced at different sites and are freely filtered by the glomerulus and then reabsorbed, not being secreted by proximal tubular cells.
Retinol binding protein (RBP) has a molecular weight of 21 kDa, is bound to plasma prealbumin, and plays a role in vitamin A transport; it is mainly produced in the liver (Bagshaw et al., 2007; Donaldson et al., 1989 ) . RBP is easily filtered by the glomerulus and reabsorbed in the proximal tubule. Some of the advantages of using RBP is that even a small decrease in tubular function may cause increased excretion in the urine, it is stable even in acid pH, it does not need special care during urine sample collection and storage, and its concentration may be determined in the plasma (lisowska-Myjak, 2010; Ostermann et al., 2012). Bagshaw et al., (2007) have classified RBP as a urinary biomarker of acute kidney injury in septic patients.
Cystatin C is a protein produced by every type of nucleated cell in the body whose function is to inhibit cysteine protease; it has low molecular weight (13 kDa), it is filtered by the glomerulus and then completely reabsorbed, and its blood levels remain unchanged due to factors such as gender, muscle mass or age (Peres et al., 2013) . Urinary excretion of cystatin C occurs in cases of acute tubular injury; however, due to the constant speed of production, the evaluation of cystatin C serum levels can be a better marker for glomerular filtration than as a marker for early acute kidney injury (Lisowska-Myjak ,2010; Bagshaw et al., 2007) . Al-Beladi (2015) found that patients with sepsis showed high levels of cystatin C. Furthermore, cystatin C has also proved to be a good marker for the clinical stage of acute kidney injury (Minmin et al., 2015) .
Proteins specifically produced in the kidney associated with the development of acute kidney injury
Follow-up of patients with acute kidney injury showed an increase in lipocalin correlated with neutrophil gelatinase-associated lipocalin (NGAl) (lisowska-Myjak, 2010). NGAl is a 25-kDa protein whose physiology in the kidney is still not fully understood; it is believed to play a critical role in kidney morphogenesis (Umbro, 2016) . The proteomic analysis of NGAl in animal model studies showed that this is the earliest protein with the largest production after ischemic renal injury (Nguyen & Devarajan, 2008) . Given this evidence, several clinical studies suggest that the expression of urinary NGAl may serve as an early marker for acute kidney injury (Nickolas et al., 2008) . Hong et al (2015) determined plasma NGAl in order to predict its correlation with the mortality of septic patients in emergency departments. In this study, 470 patients with suspected sepsis were analyzed and, as a result, serum NGAl was found to be a valuable biological marker for severity and prognosis prediction in patients with sepsis. lisowska-Myjak (2010) highlighted the use of NGAl as a urinary marker during the course of acute renal failure which deserves special attention since NGAl appears to be very sensitive in injury diagnosis. Kidney injury molecule-1 (KIM-1) is a recently discovered type-1 transmembrane protein that is derived from tubular cells and undetected in healthy kidneys of humans and/or animals, which was identified by using molecular biology techniques. KIM-1 has the features of an early marker for acute ischemic injury or nephrotoxic proximal tubular cell injury, which can be excreted in the urine between 12 and 24 hours after the ischemic injury. Therefore, the Food and Drug Administration (FDA) and the European Medicines Agency (EMA) qualified KIM-1 as a highly sensitive and specific urinary biomarker to verify and monitor kidney injury Interleukin-18 (IL-18) is a proinflammatory cytokine whose production may be induced both by injury in the proximal tubule and by caspase-1 cleavage in the urine; it may also be found in the plasma, and it can be detected between 6 and 24 hours after kidney injury (Melnikov et al., 2001; Ostermann et al., 2012) . In a systematic review of the literature, Bagshaw et al. (2007) observed that urinary IL-18 excretion was higher in septic than in non-septic individuals, so it is a predictor of renal function deterioration. Considered a clinically significant marker, IL-18 plays an important role in the early detection of acute kidney injury in sepsis.
Netrin-1 is another promising biomarker, a laminin-related neuronal guidance molecule of high molecular weight (72 kDa) expressed in different human cells, but slightly expressed in proximal tubular cells in healthy kidneys (Ostermann et al., 2012) . Under normal conditions, netrin-1 is absent in the urine and it is excreted after the onset of AKI, as shown in experimental studies (Urbschat et al., 2011) . Ramesh et al. (2010) found significantly higher levels of netrin-1 in patients with sepsis-induced acute kidney injury.
CONClUSION
In summary, despite the lack of data in the literature, studies have shown the importance of finding new biomarkers for early detection of acute renal failure. We believe that proteins specifically produced in the kidney (KIM-1 and NGAl) emerge as potential molecular "markers" of sepsis-induced acute kidney injury; however more high quality studies are needed to confirm these findings. Understanding of the pathophysiology and mechanisms involved in the development of kidney injury in septic patients contributes considerably to elucidate efficient markers, which may predict the severity and progression, as well as monitor the response of the patient to treatment. Therefore, there is an increasing need to find an ideal biomarker for AKI that is sensitive, reliable, reproducible, able to distinguish between injuries, and that is applicable in clinical practice. Furthermore, it is also important to estimate the severity of the injury, to predict the progression of the disease, and to monitor the response of the patient to treatment.
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